The capability of carbon (CNT) and boron-nitride (BNNT) nanotubes to absorb hydrogen atoms might indicate if these materials can be used to develop an efficient and fast hydrogen nanosensor device. In this work, we carry out a theoretical study of the hydrogen adsorption mechanism by carbon and boron-nitride nanotubes irradiated by atomic hydrogen in the impact energy range of 0.25 − 100 eV. Hydrogen adsorption, reflection, and transmission probabilities are reported. The collision dynamics is calculated by performing quantum-classical molecular dynamics (QCMD) simulations within the self-consistent-charge density-functional tight-binding (SCC-DFTB) method. We include fitting curves for the angular distribution of reflected and transmitted H atoms by using a modified Yamamura formula. Results for CNT follows a cosine-like law, while the majority of the projectiles tend to be scattered at angles lower than 60 o for BNNT. Based on previous studies for spherical and planar carbon-based configurations, we analyse the effect of the system's curvature on the hydrogen capture on CNT. We find that for collision energies below 5 eV, the scattering process depends on the carbon system curvature, meanwhile the adsorption is independent for collision energies below 0.5 eV Our results for the hydrogen adsorption rates for both nanotubes suggests that these materials can be used in hydrogen detector devices in a wide impact energy range.
I. INTRODUCTION
In recent years an interest has risen on the study of nanotubular forms of materials as a consequence of the synthesis, properties, and attempts for industrial applications of these nanomaterials. Carbon nanotubes (CNT) form is intermediate between graphite and fullerenes. However, many of the nanotube properties are drastically different from the other forms of carbon. CNTs have applications in a great number of areas such as additives to polymers and catalysts, in autoelectron emission for cathode rays of lighting components, flat displays, gas discharge tubes, telecommunication networks, absorption and screening of electromagnetic waves, energy conversion, lithium battery anodes, hydrogen storage, composite materials (fillers or coatings), nanoprobes, sensors, supercapacitors and many more 1 . The great variety of unconventional mechanical, electrical, and magnetic properties of nanotubes make them important in nanoelectronics. As a nanotube is a surface structure that has been rolled, its whole weight is concentrated in its surface layers. This feature is the origin of the uniquely large unit surface of tubulenes, which in turn predetermines its electrochemical and adsorption properties 2 . The high sensitivity of the electronic properties of nanotubes due to the absorbtion of atoms or molecules on its surface makes CNTs a promising material for the development of superminiaturized chemical and biological sensors 2, 3 . The principle operation of these sensors is based on changes in the voltagecurrent (V − I) curves of nanotubes as a result of adsorption of specific atoms or molecules on the CNT surface. The use of CNT in sensor devices is one of their most promising applications in electronics with further applications in optoelectronic nano-devices, hydrogen accumulators, electrically insulating, to mention a few 4? - 10 . Another application is the development of sensitive and accurate hydrogen detectors, energy carriers, and as chemical reactants [11] [12] [13] [14] . Numerous experimental and theoretical efforts have been focused in understanding the electronic properties of CNTs [15] [16] [17] and the boron nitride nanotubes (BNNTs) [18] [19] [20] . Thus, single-walled carbon nanotubes have been proposed to develop a novel highly sensitive gas sensor 12 . This device is able to operate at room temperature with a sensitivity of 10 3 , which provides a step-forward into chemical nanosensors 21 . A fast and low-cost hydrogen sensor has been fabricated by using Pd as catalytic so that the response of this device reaches a 0.01-1% H concentration 14 .
A pristine BNNT presents adequate electronic properties to detect hydroperoxyl radical (HO 2 ) and can be considered as a promising material to develop a sensor device 22 . Also, doped BNNT is energetically favorable 23 and it seems to be a good choice to detect noble gases, e.g., by the adsorption of He, Ne, Ar, and Kr. A theoretical study of physisorption and chemisorption of H 2 by these systems has demonstrated that a CNT is a better option for a molecular hydrogen sensor than a BNNT one 24 . Therefore, it is of interest to investigate the atomic hydrogen adsorption mechanism of these materials in this work and to search for the advantages and disadvantages to each other. Here, we are mainly focused on the study and understanding of the atomic hydrogen adsorption mechanism of H irradiation on CNT and its comparison with BNNT, where only the physical adsorption process is considered. Furthermore, our results could provide an understanding to develop an optimal gas nanosensor based on these structures.
To the author's knowledge, the majority of the theoretical works have been done based on a direct use of Density Functional Theory (DFT), which for nanotube systems is an expensive computational approach. In our work, we use the self-consistent-charge densityfunctional tight-binding (SCC-DFTB) method 25, 26 , which is computationally faster than the traditional DFT approach, to perform numerical simulation of hydrogen atoms when impinging on CNT and BNNT at low collision energies (0.25-100 eV). Our results report the calculation of the adsorption, capture, and scattering rates as a function of the impact energy.
This paper is organized as follows: In section II, we describe the computational method used in this paper. In order to gain a physical insight on our SCC-DFTB results, we compute the potential energy curves of the interaction of a hydrogen atom with the nanotubes, carried out with the same SCC-DFT method, as well as a comparison with a more elaborated DFT approach, as implemented in the Quantum Espresso code. In Section III, we present the results of atomic hydrogen irradiation on the carbon and boron-nitride nanotubes. Finally, in section IV, we give our concluding remarks.
II. COMPUTATIONAL METHOD
The self-consistent charge density-functional tight-binding (SCC-DFTB) method only considers the valence electron interactions in the calculations 25, 26 . The total valence electronic densities and energies are obtained by solving numerically the Kohn-Sham (KS) equations by using predetermined tabulated Hamiltonian matrix elements as well as overlap and repulsive integrals represented by splines that are incorporated into the Slater-Koster parameters Files (SKF) 25, 27 . Therefore, the electronic energies are computed as a sum over the occupied single-particle and diatomic repulsive energy contributions. Here, we utilize the SKF pair potentials set for materials science simulations (MATSCI-03) 26 , as implemented in the DFTB+ code, version 1.2 28 , which shows a good agreement with potential energy curves obtained from more elaborated DFT calculations [29] [30] [31] [32] . This demonstrates that the SCC-DFTB results have an accuracy close to those obtained by DFT, but with a smaller computational cost. Since, the DFTB method excludes van der Waals interaction, we include dispersion corrections in our calculations by a Lennard-Jones potential U ij to describe the interaction between atoms i and j 33 , where the van der Waals distance and the well depth are obtained from the Universal Force Field parameters 34 . This modification to the DFTB method has been applied to carbon based system such as nanotubes and graphene in good agreement with experimental data 33 .
A. CNT and BNNT structures
We choose the zig-zag (6,0) carbon and boron-nitride nanotubes, which have been reported as the likely smallest freestanding single wall CNT 35 . A slab of 144 atoms defines our CNT and BNNT nanotubes with a radius of 4.88Å and 5.0Å, respectively. Both systems have a length of 24.12Å and periodicity on the z-axis is set to simulate an infinite nanotube.
The CNT and BNNT are energy optimized previous computer simulations and calculations. The obtained CNT radius of 4.88Å is in good agreement with the experimental value of 5Å by Sun et al. 36 . In Fig. 1 , we show the optimized geometry of the nanotube structures where the C-C bond length is 1.45Å for the CNT, in agreement with the reported results of 1.42Å 37 . Meanwhile, the B-N bond length of 1.49Å is obtained for the BNNT, as a consequence of the hexagonal shape of the BN rings.
B. Potential energy curves
We compute static calculations for the Potential Energy Curves (PECs) of a H atom and the main adsorbate sites of a nanotube with the SCC-DFTB method by considering an electronic temperature of 1000 K. This provides information about the potential barriers and wells that the H atoms have to overcome to be captured or scattered by the nanotubes, in the collision dynamics simulations. The comparison to a more elaborated quantum chemistry approach is carried out by a series of adiabatic calculations with the Quantum Espresso package suit 38 which is based on the DFT method. In general, the PECs are calculated as Fig. 2a ), above the B atom in Fig. 2b ), and the hollow in Fig. 2c ). There is a good agreement between the results obtained by Quantum Espresso and those by SCC-DFBT for the bridge and above the C atom cases. The potential barrier for the hollow adsorbate site is well reproduced by DFTB, regardless of the discrepancy for the minima points of the PECs. However, this interaction region is almost negligible in our MD simulations due to the impact energy range considered in our work.
For the BNNT case, the PECs are calculated for the following main adsorbate sites: the bridge between the hexagonal rings [ Fig. 3a) ], the hollow of the hexagon ring [ Fig. 3c )], and above the B and N atom [ Fig. 3b ) and 3d), respectively]. We also compare the obtained PECs by SCC-DFTB (solid lines) to those computed by the Quantum Espresso (dashed lines) for the BNNT. We notice a good agreement between our results for the bridge of the hexagonal rings and above the B and N atoms. Although, the hollow ring adsorbate site presents a discrepancy for the minima of the PECs (wells), the impact energies used in our 
C. Nanotubes irradiation by atomic hydrogen
We use the DFTB+ code to energy optimize the structures of the nanotubes, followed by a thermalization process at 300 K with a Nosé-Hoover thermostat 30, 31 . Then, we use the 
III. RESULTS
The results for the probability of adsorption and capture of H atoms in collisions with BNNT and CNT are reported in this section. We also present results for the reflected and transmitted H as a function of the impact energy and deflection angle.
A. Hydrogen scattering and adsorption probabilities
In Fig. 4 , we report the calculated probability for a H atom being captured and scattered by the nanotubes as a function of the impact energy. Results for the BNNT are presented in Fig 4a) and for CNT in Fig. 4b ). Obtained results at impact energy < 0. the nanotubes is that the impact energy range for H capture by the BNNT is larger than the one for CNT. Also, it is observed that at 10 eV impact energy the CNT just starts to capture H [inset of Fig. 4b)] , in contrast to the BNNT case [inset of Fig. 4a) ] where the maximum of the H capture probability occurs.
In previous works, we have studied the probability of atomic H capturing and adsorption
for Fullerenes (C 60 ) 32 and for graphene by Ehemann et al 30 . Therefore, it is worth comparing these results to investigate the effect of the atomic C arrangement on the H capturing process, since a C 60 fullerene and a CNT can be built from a graphene sheet 43 . In Fig. 5 , we show the ratio of the probability of scattering (transmitted and reflected H impacts) in a), and adsorption (capture and exo-bound) in b) for different systems, which is expressed as P S 1 /P S 2 with P S the probability of scattering or adsortion of the system. It is observed, Fig. 5-a) , that the three C-atoms geometries scatter about all the H impact at impact energies higher than 5 eV with almost the same ratio. Meanwhile, Fig. 5-b ) shows that only CNT and C 60 systems capture H atoms in the range of 8-50 eV, as expected. These two systems also adsorb more H impacts than a graphene sheet at impact energies around 10 eV. This comparison helps to see the effect of the atomic carbon arrangement in the atomic hydrogen adsorption mechanism.
In Fig. 6 , we report all the events of the H atoms captured by the BNNT in a) and CNT in b) at 0.5 eV where all the atoms are exo-bound to the nanotube wall (green × symbols).
In the same figure, we show results at 10 eV for the BNNT and 15 eV for the CNT where the maximum of H capture probability is located (orange + symbols). The left-hand side of the figure shows the horizontal orientation of the nanotubes (y − z axis) to visualize all Fig. 6b ) the clustering of the H impact is mainly above the C atoms and at the bridge adsorbate sites, Molecular dynamics simulations of H and C-and BN-NT for the collision energy of 0.5 eV, as expected. However, captured H atoms tend to be bound to the C atoms inside the nanotube. A quite similar structure behavior is also reported by Froudakis et al. 44 . These H atoms do not form clusters around the center of the nanotube, as observed in the BNNT system.
We notice that the H impacts are more spread out for the BNNT than for the CNT. For the BNNT case, all the H atoms that are exo-bound cover half of the nanotube and show that the binding mostly occurs where they impinge. However the H impacts tend to cover only the central part of the CNT system. This is due to the different atomic radius for the B (0.85Å) and N (0.65Å) atoms 45 in the BNNT. The CNT atom composition is only of C (0.70Å), which defines a homogeneous system 45 .
B. Reflected and transmitted probabilities
The angular distribution of reflected and transmitted H atoms can be obtained by calculating the dispersion angle as θ = arccos
Here, v i and v f are the associated vectors to the initial and final velocity of reflected or transmitted H atoms, respectively. It is worth noticing that a reflected or transmitted H atom is determined when its final position is larger than 7Å, as measured from the center of the nanotube, and its velocity vector points outwards from the nanotube.
The angular distribution, as a function of the dispersion angle, is computed as 31 :
where N (θ, ∆θ) is the number of reflected or transmitted H atoms within the interval ∆θ = 5 o and C is a normalization constant. In Fig. 7 , we show the angular distribution of the reflected and transmitted H atoms for different impact energies for CNT in a) and BNNT in b). The average of our results over the impact energies for both systems is shown by open triangle symbols in the same figure. We also include a fitting curve to the average of our results. This fitting curve is obtained from the modified Yamamura's formula 46, 47 
where dN (0)/dΩ is a constant and Θ = θ + φ is the scattering angle. The phase-shift φ, and constants dN (0)/dΩ, A, B, and C are fitting parameters in this approach. We use Table I for reference purposes. The modified Yamamura's formula fits very well the average with a correlation factor of 0.985 for both cases. We notice that the results for the CNT system follow a cos 7.01 (θ − 30) function. In contrast, the BNNT system results need to be weighted by an exponential function due to the effects of the B and N mixture.
At 100 eV, all the H atoms are transmitted and the majority go through the nanotube with no dependence on the direction of the impinging trajectory.
IV. CONCLUDING REMARKS
The atomic hydrogen adsorption and capture by nanotubes is important to understanding the doping and chemical properties of nanotubes with applications in the development of nanosensors. In this work, we perform numerical simulations of atomic hydrogen irradiation on Carbon (CNT) and Boron-nitride (BNNT) nanotubes with a quantum-classical molecular dynamics based on the SCC-DFTB quantum chemistry approach for a wide impact energy range. Our theoretical method provides a good description of the PEC when compared to the Density Functional Theory approach, which is implemented in the Quantum Espresso scientific software. The effect of atomic hydrogen bombardment on the nanotubes is analyzed by calculating the adsorption and capture rates as a function of the impact energy, as well as the angular distribution of scattered particles. We found that both systems are able to adsorb H atoms at impact energies below 5 eV. The hydrogen atoms are captured by the BNNT in the energy range of 5 to 20 eV with a maximum of 7 % at 10 eV. In contrast, the CNT only captures 5 % between 10 and 50 eV with a peak around 15 eV. For the case of BNNT, the largest capture contribution is due to the B atom since the bonding energy of B-H (3.42 eV) is stronger than the H-N bonding energy (3.2 eV). We also study the role of the carbon system cruvature, i.e., we compare previous results for the scattering of H atoms by fullerene and graphene to our CNT results, finding that for collision energies above 5 eV the scattering process is very similar. However, the curvature plays an important role for low collision energies. Finally, the angular distribution of the reflected and transmitted H atoms follows a modified Yamamura's law. The scattered particles from a CNT follows a cosine distribution while the results for a BNNT target requires an exponential function correction due to the mixture of the boron and nitrogen in this system. Thus, how the H atom is scattered or bound to the CNT or BNNT, modifies the electronic properties of the nanotube, which could serve as a guide for H nanosensor development and to understand the nanotube damage after hydrogen irradiation. As a future work, it is of our interest to analyze the H 2 adsorption mechanism for hydrogenated CNT and BNNT due to the binding of H atoms by boron, leaving the nitrogen atom free to capture upcoming H projectiles in a
